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Abs t rc t

h rel t I; I r i:t,; 4 ti p, Iidy i t ii i 1 ; i)n 11 of

a liquid fuel by a CV CO., laser; the period covered is from October 1, 1979 to

September 30, 1982. Tt dse r ihos (I) new obsorva tion:; Of 1 iqt id fuel behavior

near and at the liquid/air interface during the laser irradiation with Inci-

dent f lixes f ron 2b0 to 2500 W/ + , '2) new L ine-resol ved measurements of

temperature and vapor concentration distributicns in the gas phase using a

flewl v-deve lopei, h igh Speed, two-w;ve l on ,h holographi it rI lromtlt r, ind

(3) the developlment ol a technijue tio mea.sure Litf rared Iabsorpt, io spectra of

fuel vapors at elevdLed temperat ,res.

High speed photographs reveal the complex behavior of n-decane and

1-dcene surfaces immediately after the onset of incident CO2 laser

irraCi!tion. In time sequence one sees the formation of a radial wave, a

central surface depression, bubble nucleation/growth/bursting, followed by

complex surface motion and further bubbling; typically several (or many)

bubble cycles precede ignition. An increase in either the flux or the fuel

absorptLvity accelerates the whole sequence of events leading to a dominance

of bubbling phenomena and decreasing the ignition delay. An Increase in

oxygen concentration in the surrounding gas phase decreases the distance

between the liquid surface and the location of the first appearance of visible

emission. However, the distance is independent of peak laser flux within the

range studied. Also, oxygen in the gas phase significantly increases the

growth rate of the plume shortly after the appearance of fuel val-or at the

same peak laser fluxes. Prior to ignition, there are two global chemical

reaction stages in the gas phase. The first is a relatively slow process

I



occurrLolg shortly after the appearance or thu t lume, at temrperaturys uip to

about 400-40 00C. The other s a significantly faster process occurring just

before iynkii at tcmp ci,,t., o, , 90v-500A.
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!I[11.h power laisers are now b. ,I n,'',, ! )i t, ' (iA I ..'. i, S. L'' t h

lasers pose a threat to a ircraft int( lr-ity since thev (,in iynitc aircraLL luel

after fuel tank penetratton causning ;, (ire or explo:-; ion. 7lowever, the

ignition of flammable liquids by laser radi[atLon has been studied little and

is not well (inderstood. The oh ct <'e t o1 t~lj studv is 1-0 :r *i*4;a

mental understanding of the nechan-si., of the radiat ive i,n iton process to aid

in the development of future design oi idel nes for the improverient of ircraft

survivahil i:y.

Thi s paper is the final progress report on this study for tiie period from

October i979 to September 1982. The paper consists of three parts; (1) new

ob servat ion o.' "iqu.:d fucl behavior iiear and at L,1e liquid/ai r interface

during the laser irradiation, (2) new time-resolved measurement of temperature

and v-por concentration distributions in the gas phase during the laser

irradiation, and (3) the development of a technique to measure infrared

absorption spectra of fuel vapors at elevated temperatures.

2. OBSERVATIONS OF LIQUID FUEL BEHAVIOR AND VAPOR GENERATION

DURING CO2 LASER IRRADIATION

2.1 Background

In previous studies (1,2), the change in ignition delay time for n-decane

f2l was measured for various CO2 laser fluxes, laser incident angles and

sizes of the liquid container. It was evident from those studies that several

3



.'ey proriCLsse. i t1in '1 L Mil i l . rvii I rc htlrd uir LI,.- i r i I(t,,i l. i(ii t )I

them, the behavior of the vaporLzLng LLquLd fuel and Its coupling to the

bu L(I-tp o va ior ii Ili. 'a s hi;,e dtn ly. Lilt' r;:-s ,.pihi nii pe riod, is rcu rtI d

in th is sect ion.

This section reports various observatons from high-speed photographs of

n-deczine and -dew'no du " las-r ir-,,li oll. Tihe f Ir inIioni, growth and

collapse of bubbles in the liquid and the growth of a vapor plume in the gas

are descr ihud. Thu prtmary plhysLcli I roc _ssus i1 Lt, ,jvcra ll behavior ire

deduced firom Lhese observaL ons by shnplc qualLtatLvu and order of magnitude

analyses,

2.2 Experimental Apparatus

A schematLc iLlustratLon of the experimental apparatus is provided in

Figure 1. The Coherent Radiation Nodel 41 CO2 laser* emits an approximately

6-7 mm diameter beam (at I/e 2 points). Beam power was varied from 195 to 340

warts in the fundamental mode which has a nearly Gaussian power distributinn

acrosb the beam. The incident flux dLscribution at the sample surface

position was measured prior to experiment by traversing a water-cooled,

horizontally-rnounted calorimeter with 0.25 mm diameter sensing element. The

maximum value of the Incident flux measured in this manner is reported as the

Incident radiant flux in this study.

In order to adequately describe materials and experimental procedures It is
occasionally necessary to identify commercial products by manufacturer's name
or label. In no Instance does such Identification imply endorsement by the
National Bureau of Standards nor does it imply that the particular product or
equipment is necessarily the best available for that purpose.
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I t ltt . ci rrlr wai, isoc i it t tI I, ,i i I 

of irrad Lance ; it then rema ined open tlhrou gh the ign itL on event. "Ilk- ullSeL of

i ;(, r r.id i t i ( n , i.e,. , I -- (i, w -s; 1,I 4 r i, ' iI ( , 11.t : I-- , .. , , ' . i( i

pyroelect r Lc detector collect Lng part of the laser ewM ',c.iL Lred f roiai I

mirror. The -i i a .hin) tnrm,, , I , ntai limp n:: I tiiriii fl7 :1)e ('U('Ji re t

as an event m.ark on the film through electronic swLtct1iL ,circu itry. However,

comparison of th is vwnt mark with the insot )f event ; (,n co,rre_.spond ning

picture frames revealed some amb igu ity in quant fy ing each s-c(qtence prec [se lv

in terris L i e, fr ,.r, l the , eO set ,,f Lc l s,r irr.id ii iii. (' ( tlfl v

tt I'i n;' w.51 r '(IL' I L Y I 2-L r t, 1 c( ( to the ISCL A I i ,; Il .IV IL i c j.vl( L,

result both from photon pressure and the expansion of the liquid, as described

below. Further improvements in procedures to determine the start of the

irradiation will be necessary in fiture studies.

Two high speed cameras (HYCAI-,f) were used s imultaneously in each

experiment. One of theim photographed the liquid surface behavior from the

top. This camera was focused on the surface and mounted as shown in Figure I

so that the illumination seen by this camera was specularly reflected light

from an approximately 10 cm hiLh diffusing screen illuminated in turn by a

tungsten-halogen lamp. This illumination technique provides graded but high

,ontrast for detecting changes in surface inclination. 7he second camera

photographed either the behavior of fuel vapors in the gas phase made visible

by a schlieren s',jtem as shown in FL ,iire I or the behavior of th lilqui id

beneath the surface by direct photography. In the Schlieren photography, the

He-Ne laser beam was cut horizontally from the bottom by a knife edge. Kodak

4X negative film for high speed photography was used for all pictures in this

study; most prints were made at enhanced contrast.

5



The dLe silonS L Lthu I LIii ,ju Laii _V ,. v ;.A - -Y

deep. These uLmens Lons are la rgu enough so is not 10 at CoL tiLhe ignt ion

d e lay t ire (M) . o ot [ cal .r. e tt . irt t U .i w.r. d i:; + s " rViA

windows n t Os -ijlen of the contAl unor. Ti cont ain,,i jia i 111.,i to t,. top'

with the I quid fuel. Two liquids, n-decane of 99.07 pur tv sppi Lted by

Fisher Sclenrti c Co. and 1-decu e' ,l -pproxiratvly 94- u t/ snppleid by

Sigma Chemical Co., were used as We saipls. The two fuel; werp chosen to

be as s Lmi r as possible in all propert Les except absurpt vAi with respect

to the CH, ias r ridrad tiion; I-Pcon nie oli,, fl d i lv li 'Io .- l iv,.

auhs rptiv tv (;ip;proxim Lpl, !H m I vs. l h r.I ) [H u i a 1:u l in I all1i

probably also in the vapor. No special precautions such as degasing and

further f ilter ing of part iculates were Laken to assure th absence ol

potentLal nuclei in the fuels. In nearly all tests the bulk of the fuels was

clean enough to exhibit practLcaly Hno scattering oi the te/Ne laser right

used for the Schlieren photography. en the other hand, no precautions were

taken to prevent room air dust particles, that could serve as bubble nuclei,

from failing on the top surface of the liquids during a test.

Ignition was defined by the first light emission detected by a

photomultLptLer (maximum sensitivity at wavelength 340 nm), the output of

which was recorded by an oscillographic recorder with maximum resolution

of ± I msec. nt the onset of flaMLiig, a step-function-like output of the

photomultiplicor was obtained. This provided a welt defined measurement of the

time of ignition.

6



'.'. I '<: .+* :.1 '11 r r']U,:

,. . .. ..

tion of behavKLor )fI tie IILluid] al0" OL 'apor L ti LU-u p o L e i :,ha s, * uw

W -l U. I 1. L. kru Ltao ('I; ; obsurvud. Al.-,, dect-uu .1 I

1 iou:i. 1u to U-:1< 1 e the e2tf fect of absorpt Ion coeff LcI Lunt on tIh, ,'v ra 1

hehav I. ,'i tl the present conditions, tgnLCton ielay t ores or Uicane are

tr: r :4: + *1 '.'j"] - 1.0 sec and those , decen e, .' t - .h-8 >e-

. u .- tractL r tc -tudv u f Phe nomen-t a

ThrI e ((2p eters, laser flux, incident laset iun:]Ie with respecr t< the

licuid su rface and absorption coefficient of the liquid, were selected in this

-; kid). Top V'te[-w and [ I 'few p Cturos we re take r wIL i r,;irIuuis c-im:b m nat Ioins

9C these parameters. Typical examples are shown in this paper. Pictures of

<ecane ire showiin Ia Fiiure 2 for in ijoc Winit laser flux U. 74(! W/cm2 and in

Figure 3a and 31) for 410 W/cm 2 The dark band in the side view pictures is

uue to the 1iqutd meniscus at the window of the cantoinc, r. Surface behavior

as seen from above and formatLon of the vapor cloud in the g'as phase as seen

fron thez sde ir s,-shown for decane with an Lricidp.t laser aingle of 3 (). In

Figure 2, the top view pictures and side view Schlieren pictures are shown

side by side in correlated time sequenco. The left columns of p ictures are of

7



tL',Q top View Aid Lie rLi[;hr coitiii: , lr 2 t tAti, viidw. 1'I- Litl w 1.is,'r

flux case, top !,Lew pictures are shown tn i" igure 'a arid slde view ScnILtw run

p ictnri s a in F 1, ir, 31). 1: t"i;nr' i ind il, lit' 1'1r .ii , O wt' .' L o' ,)p

",' ' pV'turu"' .1nI tih si W e viw .' ('Il : ,ci l i't i , ) i L " i: t, , t ,-I ".', I i ,iud duC

to the ltick )I- :I proc isv dt ir; i ,l in 1 (41 till I - t' oW h ;i i ' i.Lr .tarLs to

irradiate the decane surface, as cdescr ihed in the previous section (and

d ifferences in caiaera I li,' -. L,-'; , vi 'atI L ). Tiit- to1) V I t'W LCtir us [n both

figures indicate the formatLon of a faiL ring-shape wave notion moving slowly

oilt .raJ r .ld !',. ,As t -lo ial r cI-k,;a1 S ; . rtr Ltit t I ,litr i I- .ItiIit ,In I ..Li it s, tIle

shape 6i' riuc scu ees :lcarcr; rh- ciitur parL i Lltu ring is concave.

'i th further Increase in time, the top view I) ictires show a further surface

depressi on at the center c the ring. This further nepressLon Ls Circular and

'tS dLaleter Is about the sane as that of the incident laser beam. At the

sarE: ti te, the pictures at low flux Lndicate the development of small scale

comdplefx ;ave ':ot ions between the area of the further depression and the

rin . n i[gur 3b, side vLew Schliuren pictures show the formation and

growth of a plume-like cloud of decane vapor; the plume appears stable and

shows no turbulent eddies. Decane, with its high molecular weight (142), is

heavier than the surrounding air despite its elevated temperature (boiling

point 174 0 C). The formation aci the initial growth of the vapor plume is thus

due to the momentum implicit in the jet-like, rapid vaporization of decane

instead of to buoyancy. Therefore, it is probable that the further central

urface lepr,, i. ti I.il i Iit, ,ibh;t';,quen Il i;I I 1 w vy mo t ionis inc (,' ised hy this

momentum (see Section 2.4). In Figure 2, side view Schlieren pictures

corresponding to the appearance of the further central depression do not show

any plu-ie-like cloud. (Note that it has much less time to move up from the

surface.) This Ls probably due to a low sensitivity setting of the SchlLeren



:i/stem, for "igur,, i~. urL t r (I i sj: i n u! it i n o- , -- -it i~t it )I v-it

.-iven Ln Section 2.4.

ill L igore _' , s baIr L y at Lu r Lhle tippea rance (A the Iortlhe r k:ent rai I surface

depress ion, ;i bl;tvk c ir,-lI( ippears n the contcr (if In tiri ii,,. A s imilar hlack

c Lrc le also appea rs ;:,ucl: later it- iiure 3:;. Me correspond i -g s ide 'jew

Schli Wren pirLurt- In 'ure . ind ,u At- - ';iiun i I :i, 'cnn vapor into

the &as phase. The black circle becomes lir.er wi th Lime and the vanor cloud

I dncitit hecins riore extensi, i,)d Ia or lentL. uev SI i o

p !Cictrs of ducanel near the surface, shown 'n iLguret 4, nI d Lt e:xt re;IIC lv

rapid growth W_- a hub'Dle ( ts di~armeter is approximately 3 mim) benealtt OILe

surface. These p icturtes were taken with different cond~t ions from those or

Figures .' ind 3; thu', ire fur decane, a laser inc ident angie or 30 from r ight

to left and a laser f) Li of about 26090 W/cm. Some pr,;),rly ILghteu' se:-quences

of topI photos clearly sh~ow thaL e2ven ;it much Lower fluxes than this -he bubble

nucleattes, g rows and bursts between movie frames (i.e. , in < 2/3 ins): there-

fore, the observed b~lack circle in Figures 2 ana 3 is a- open hole left by the

bubble. Shortly after the open hole reaches its maximum size it starts to

shrirnk; this is made complicated by the appearance of a second smaller bubble

in the s ide wall of the fiLrs t as shown in Figure 4 (a high flux phenomenon;

see Sect ion 4). Pictures in the middle of the fourth column f this figure

show many small bubbles a few mm beneath the surface. ThIs phenomenon may be

due to entrained bubhles caused by the bursting of the first bubble (3,4).

The decane surface contour becomes very complex and, except at low fluxes, a

second bubble forms before these complex motions damp out. Thus the cycle of

formation and collapse of a bubble sandwiched between periods of no bubble is

repeated; however, the frequency of bubbling is not exactly regular. The LOP

9



View ) ict i res i ii r- 2 , i d ,l ,: l [rld i (.I L i, I ' it 0 t'ii ilo(1 rn i, l

outward movenent at waves LnLtialy generated by the surface depression (see

I' I 't i . . ' ) ,I~ !. I I I" i i--l l , , l~ , , , j~ ', l iI I III ii I I ( r1W . I ,I t / ,- I .11 ( p J i

the associated violent vaporization process. These waves interact so that the

surface strnc tre becomes extre, - lv co plex ;is shown i1 the 1n 1t columns of

Figure 2. At the same tie, the side vice2: Sch I icren pictures indicate violent

vaporization, 1,i th decan, vipor ind 1 [ill id dec ne dropl,.ts he ing thrown in all

directions.

(;as phase, in it ion general iy occurs duc ing Lh is coi:qlkx 1cehav Lor Lit L .

liquid and gas phase. The onset of ignition is controlled by the amount of

vapor, the degree of mixing of vapor with air, and the amount of absorption of

the laser energy by the v por. This is illustrated in Figure 5 which shows

Lhe location of the first appearance of flame with respect to the irradiated

area. In this figure, a side view of the decane surface is seen through the

window; the surface is the broad horizontal line across each frame (broadened

by the meniscus at the window). The upper part of each frame shows the gas

phase; the lower part is liquid decane. The incident laser beam comes from

left to right at an angle of 30 degrees with respect to the surface. The

small white area of flame that first appears in the bottom of the second

column of frames is clearly seen to be in the gas phase about I cm above the

surface and about 2 cm to the left of the irradiated area (indicated by the

bubble on the riAght side of the pictures). The flame spreads upward from the

point of its first appearance, presumably assisted by buoyancy, and then

spreads toward the irradiated area of the decane surface along the laser beam.

10



The obse rved t, r ect s ot thrt, p r.i L lfrs, ,,,r I 1:., L il'irh'- 1 lil.I-r

angle and the value of absorption coeff icient of the liquid, on thV behavior

ol tlht I tj, til trir ,, bubbl -i -or ii .L1i11 v:. l - i;lI! i.,11 ". ii ni i/.d 1l

L.able 1. .*, I I i orrat Lon except ig nI L ion de Iav r hies ,..io i i ne(l From <i

Lotal of t',nI v .i t sep ate mvtit . S ( ti re of s t )F ti( Li.ser i rrad La-

tion Ls not L re i l y Se I el L t i l Li Le;e 0 itrtire.; Oi11Ie .il u , i.IlC - O f tlhe

phteL 10cC 11 8 re I-,(,L s irpl v{:t i ,' il ,i eo vi , vli I l it- it , in tlis' r;lh1

may vary ±: 2 - 3 msec.

2.3.3 Laser ;-'lux

Higher laser flux shortens the time to the first appearance of the

central surface depression associated i,,Eth the momentuim of the stable, non-

turbulent vaporLZatLion plume and to the appearance of the first bubble. This

is clearly demonstrated by comparison of pictures shown in Figures 2 and 3.

The frequency of the bubble formation/collapse cycle tends to increase with

increases Ln lasur flux. It also appears qualitatively that the laser flux

does not have a significant effect on the size of the bubbles. The pictures

show that higher laser flux causes the behavior of the liquid surface to

become complex earlier and vaporization tends to become more vigorous.

2.3.4 Laser Incident Angle

Top and side view pictures show that the qualitative behavior of the

liquid phase at incident laser angles of 30 and 90 degrees does not differ

significantly regardless of total laser power level. Any differences are

caused mainly by the change in the laser flux due to the change in the

11



irrad iated areai with the inc ient ,ng LL. One not iceib it' feren-e h twt.en

the two angles occurs at hLgh fluxes after the fLrst bubble bursts but before

the hole iLt ,;ivt.; ii;.- col k .ps-ed. .\; wirls IOt l pr('Vi ,Iiiy , iii h.,i( I ,i,, fLkix

cases a second bubble can start to form Ln the wall of the hole left by the

first bubble and this compl icates the col ]apse of the first. As shown in

Figure 4, the left side of the original bubble hole develops a bulge with the

incident laser ingle of 30 degrees from r i ht to left. At 90 degrees, the

bottom part of the original bubble hole shows this bulge.

Since i nit ion occurs at the location where the incldent laser beam

interacts with the appropriate mixture of fuel vapor and air, the location of

the first appearance of the flame is expected to change with the incident

laser angle. However, this idea is not supported by the fact that, once

bubbling starts, fuel vapor is thrown into the gas phase over almost the

entire hemisphere by the violent vaporization process and not into a specifLc

direction dependent on the incident laser angle.

2.3.5 Absorption Coefficient of Liquid

The effect of the value of the laser absorptLon coefficLent of the iLquid

on liquid behavior during the ignition period and also on the overall ignition

delay was studied by a comparison of high speed pictures and the measured

ignitLon delay t line with decane and decene. The value of the absorptLon coef-

ficLent of decane wLth respect to the CO 2 laser Ls 16 cm - 1 (2) and that of

decene is about 50 cm - 1 (5). Since the only difference between the two mole-

cules is one carbon-carbon double bond at the end of the carbon backbone for

decene instead of all carbon-carbon single bonds for decane, the physical and

12



chemical char acter Lst ics of the two I ,Iti id; i rv c lose ( I ia ,. hther; th.

normal boiling temperature of decane is 174.1oC versus 170.5 0 C for decene (6),

ite (iII I t1 j . ill 'ittieeil.ar wei,,h( is two; t lie rin;il lr r, . ic:( .r1- ( 1wO;(, t

each other. Oxidation characteristics arc expected to be quite similar,

judging from the analogous pair, pentanc and pentone. Flamrahility limits for

pentane are 1.4 - 7.8% fueL in air; for pentene they are 1.05 - 7.7% fuel in

air (7). Ther, horc,, the difference hetween the two liqijuids for this study is

mainly the difference in the value of absorption coefficient. Also, it is

expected that. a silli I. r di l-"renee i .0 ahtorpi) L i)n c .liw ci I pp] [t"N ; vapors

[rumn Lhu two I Liq Lds.

Top view pictures of decene during the ignitLon period are shown In

Figure 6. The sequence of phenomena, i.e., circular wave motion, the central

depression, bubble formation and complicated surface MoLLun, Ls virtually the

same as that of decane as seen in Figures 2 and 3. The distinctive difference

between pictures with decene and decane is the generally shorter time scale of

events with decene compared to that of decane. This is also indicated In

Table 1 in a comparison of various times for the same experimental condi-

tions. It is interesting to note that the times to the appearance of the

central depression and to the appearance of the first bubble for decene can be

a factor of two to four shorter than those for decane. There are exceptions;

The heat capacities of n-decane are 314.8 and 234.8 J/mole ° C for the liquid
and gas, respectively. Comparable values for 1-decene are 300.6 and
224.0 J/mole 'C (6). The heat of vaporization of n-decane Is 45.6 kJ/mole,
whereas the value for 1-decene is 42.7 kJ/mole. The combined "endother-
micity" of the heat of vaporization and sensible heat to reach the boiling
point for decene is less than 10% below that for decane. However, the
difference in absorption coefficients at 10.6 Mam, which Indicates the
difference in the depth of heating by the laser, is over 300%. Therefore,
the difference between decane and decene with regard to the vaporization

process is mainly a difference In the value of radiation absorption
coefficient.
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for exainpic, the t [ies to appearance ol the t irS hubble It a laser peak I lux

of 730 W/cm- dre comparable for both Liquids. The reasons for the few dis-

-rep.in i 1 h ; ntrii (, ;Ire un,'l ,, r. I;.n i ion di mv i tio.- f r -t'h'I. Irte ;it

least one order of magnitude shorter than those for decane. These trends

indicaite that lh, diFferences in ahsorpt ton coefficitnt hetween the liqids

and the vapors can both have a major effect on ignition delay time.

Other differences between the two liquids are the size of the bubbles and

the hbhhle frequency. Buhhles for de nt'n t e d to he sniilli-r th;in tIhos- for

'10cCA11C S . whoin L:i Table 1, alLliou.,ht tli nuantLit L Lv( (li 1"rencC liced, 5 I tlrlLher

definition. Also, bubble frequency for decene tends to be higher than that

for decane under the same experimental conditions.

2.4 Sequence of Phenomena and Underlying Processes

2.4.1 IdealiLzed Sequence

Figure 7 shows a series of sketches, in cross-section, of what are

believed to be the major steps in the radLation-induced vaporization

process. The starting condition, for the first bubble only, is a quiescent

liquid at uniform temperature (room temperature). Recall that the incident

beam profile is roughly Gaussian and therefore is strongly peaked in the

center.

In the second sketch of Figure 7, two changes are apparent. A wave is

spreading outward radially from the locus of the beam center and the

temperature for some depth below the surface has increased. The expected

14



depth of the thermal wave wi1l he examin ned m1ore closely helow. It is proba ble

that the initial radial surface wave is due at least in jpart to photon pres-

tlure( t hat (t t<udde l v t x rt s il s ust; I I or l on ]ie ;Ijr :;i'. The aLaL depth

of a depress ion iLn the L iqu id surface iduced by photon pre.isnre is calculated

by equating the statLc I iqu [d head to the rate of momentun loss of the

photons; the resutt is

h = (Q /CLg) (1)

where Q. is the photon energy flux, c is Lhe speed of I ighLt, g is the

acceleration due to gravity and p L is the liquid density. For a peak radiant

flux of the order of 1000 W/cm 2 (high end of current tests), the value of h
p

is about 5 micrometers. As a static depression extending smoothly over the

beam diameter, this would probably not be visible, even with the rather high

contrast specular surface lighting used here. However, we have a dynamic

situation here in which we view the surface response to the sudden onset of a

force; this produces a wave whose steep sides contribute to its visibility.

An additional contribution to this early wave may come from the transient

volumetric expansion of the liquid as it heats. Decane expands about 10% in

heating up 100 0 C; this would cause a static surface height increase of about

10% of the radiation absorption depth over the heating time and a radial

outward displacement over the same interval of about 10% of the beam diam-

eter. This may he more visible than the direct photon pressure effect; at

least the static height would be greater but the dynamic situation is

unclear. The identification of the wave with these early effects Is important

because, as was noted, the wave onset has been used as a zero time reference

in several tests.

15



Ln the third sketch of I"Lgur t 7, tht. urtacv I ias reached a ,ut Iic Lent

temperature for vaporization to become appreciable. fhLs vapor Flux is

visible as the stable, non-tirhuIC1 ,t pIurn1, ill .sOme. of Ot Schi ir en photo-

graphs (e.g., 1'ig. 3h). This vapor abSorb!; soI;i ,h tho ) incoming radiat ion as

will be discussed below. If the speed of this plume is sufficient, the

reaction force against the surfoce can cause a further depression. Balancing

the -tatic and d-''mir heads 2iives, for this surface depress ion hR,

2

hR (2)

For an upward vapor plume speed, vp, of 75 cm/sec (roughly that obtained from

Fig. 3b) and plume density, p, taken as that of decane vapor at its boiling

point, one finds hR is about 150 microns. A central depression is frequently

visible in the top surface photographs for varying periods before the first

bubble appears.

In cases where this depression (plus that due to photon pressure)

persists for an extended period (tens of milliseconds) prior to bubble forma-

tion, it appears that some instability exists that causes small wavelength

surface waves to grow in amplitude especially around the periphery of the

depression. This may be a result of some coupling between wave-induced fluid

mc'-ion, the vapor flux (which causes the waves) and the highly non-uniform

radiant flux profile on the Itquid surface.

In the fourth sketch of Figure 7, the near-surface layer of the liquid

has achieved appreciable superheating because the preceding vaporization

process from the top surface has not been able to remove a sufficient fraction

16



of the incom k rad ianL energy. L1 th l nex t 'tch, this iiperlit u , r..uls

in bubble nucleation. The amount of superheating that oCCurS prior to nuclea-

t[ion wil! (d L nd ml i1e raodi Int (0I i i hsorp i, i c F ic. it ',1 li ilidI .-,oI

the purity of the liquid. There are trw,. types of nucleation, homogeneous and

heterogeneous, the latter cao ed hv impurities (r sol id pirt icul;ies in the

liquid. In the absence of heterogeneous nuclear ion, the liquid can be heated

to near the superheat limit which L:s typ[cally constrained by the kinetics of

h-p.ooPneous bubble nucleation and growth (8-10). The value is typically

around 0.8 9 of the cr[tic;il temperai(ort; for dec;ne thi V I r;ns .ates Li,, 'r

(11). SLncL: the normal (I a In-) boLi ng point of deian i 1/4((, Lh is imcans

that one can exceed tue bo'ilng point by 11i°C before achieving homogeneous

nucleation. While we have no definitive measure of the actual amount of

superheating achieved here before the first bubble nucleates, it is probable

that the superheat limit was not approached. Recent optical measurements in

the same experirental set-up using a somewhat lower flux (260 W/cm 2 ) gave a

decane vapor temperature of 200 0 C just above the irradiated surface (with no

visible bubble nucleation); thLs implies a superheat of 25°C or less for thLs

flux (the vapors absorb the laser radiation after they emerge from the surface

and therefore continue to heat) although the sub-surface Liquid that did not

vaporLze in this case could have gotten hotter. The hLgher fluxes of this

work present the potential for greater superheating but it is doubtful that we

had the necessary absence of heterogeneous nuclei to permit this. For

example, one can estimate that particles slightly too small to make their

presence known by scattering of the He/Ne laser light can still nucleate

bubbles in decane with about 250C of superheating. Furthermore, we may have

had larger particles settled into the top surface of the liquid; the surface

was not protected from room dust which was vLsibly present In the air by

17



scatter ig of the He/Ne Iight. Ni'LI Iy we notf- that. dissolved jas-s, which we

took no precaution to remove, could also promote nucleation (homogeneous)

ht-fore the superheat Iimit is approached (1:,13). Vari ut s heterogeneous

nuleL do tend to initLate bubbles at temperatures well below those needed for

homogeneous ncleation (8). It is interest[n), to note that the first hubble

can produce new nuclei (entrained air bubbles) and lessen the amount of

superheating necessary to )generate stbsequenilt hubbils (3,4).

The rai anL Flux range used In this ttdy i; ;it la t three ,riters of

magn itude Ioer Lthan that use( Lu cause opt ical cavitation ( 14).

AiLtough the mechanism of nucleation per se has been stud[ed extensively,

most studies involved nucleation near the heated solid wall or in a homoge-

neously heated liquid without a wall (14). There is little information

available e-bout nucleat ion at and near the free liquid surface as encountered

Ln the present study.

'The last sketch in Figure 7 indicates the consequence of the

superheating: when nucleation finally occurs below the surface, bubble growth

occurs with great speed. Most (and perhaps all) of the top surface photo-

graphs are consistent with bubble growth and breakage in less than one milli-

second. The dynamics of bubble growth have been analyzed in detail for the

case where the Bubble is immersed in an infinite liquid (15). The growth

process here is considerably altered by the proximity to the free surface but

one conclusion from that work appears quite pertinent here: the first few

milliseconds of bubble growth are heavily influenced by inertial forces. We

estimate below that the thickness of the superheated layer is of the order of
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I0O Wm for ducalne ( less 1 or d ,.enel ) Fl., huhhit. I:huLous ,Li [nLa-.t "),. in thK-, tli,

layer and, as i: expands, it stretches be I I uid above It , Lii lnn L:. it

considerably. :;IW e 1his top 1;1v('r" 1:; !"A)11 Ihiiinii.,' r, ip d / ,,I(I '.,; IuHri."i I

rapidly from hoth sides while cont [nuL ai: to absorb sone Sf tile ncoming

rad Lation, it is plaus ible thaL it broaiv- in less than ai ,,ii I tacInd. Despite

the fact that the bubble breaks quickl, the !o( D- it prodtLUs does not d is-

appear with equil speed because 0- th(, I'nlort'ltL ki ,i t( 1,) th( liquid (and

the weaker forces now countering the plesence of the hole). The material that

was ahove the! r 1' on o inir Iea i L Iton tossedL o i lii ) and oil t , re(q .Ilt 1/ I Ir i I1i;,

droples I I i!IOy be Lossed several bubblc diameters away (a-ind ont o IIc

laser beam path). Since much of this material was superheated and its stirfice

area per unit volume is sharply increased, there is an "explosive" release of

fuel vapor that is turbulent in nature, spreading more randomly than the

precedInF stable, non-turbulunt vapor piure. The impuls ive downward torce due

to bubble expansion and subsequent vapor release causes a persisting (up to

Lens of mi liseconds) hole or depression in the liquid. Th is moveine it

stretches, mixes and largely erases the thermal layer previously established

in the liquid over a diameter about equal to the maximum size of the bubble-

induced hole. This in turn largely terminates the vaporization process

because the upper liquid layer is cooled. Collapse of the hole is induced by

gravity and surface tension once the outward/downward movement of the liquid

is brought to a halt. Since the laser irradiation continues (somewhat

diminished by vapor absorption), the stage is set for repetition of the heat-

up and bubble initiation/growth/collapse sequence abetted by any bubbles left

behind; unfortunately, the initial condition is now considerably more complex.
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gc)etLL'ol ol L-hiS C,'Cc IC LLds I t e phlit, wit1 'LuJWiu

punctuated by rapid multiL-directiona' vapor erOLss L(Ts. As this vapor buLlds

kip i n the I p id l lso i t t itm 111 hs-I A iI 1 H I IHI i ', iip. I It iii.1' IV

LL Wil IIgn itte it .somu. poiLnt where ttin' proper comb inn~ I ion o H (1)jf - I L pint or# ,iu[s

Ctel 1 n d ov''e n cm I ccn tit i on 1)(r ; i C I n' tiri i wI Fi ront I ( )( rrm i t thermal1

runaway. Ach icverent orC this con)011 i LIII, clearI'' dt-110th~lill oil the whole

hiLstory of t: c0 x V I es I ileu I h; At J Icr r id

In the above section, the complex behavior during the vapor generation

process w.as described. To 1full rAt jol)la izCthes ijhservat Lolls, it, Ls I1ticus-

sary iltiL ma tely to develop riodels desc ribiDLn) vapor generatiLon as an integral

part or i pined Let: Lve mo1del IU1 rod LatL i Vyr L L LOVI. lioweve r, the ubse2rved

phenomentz~a are_ too Comple)1(X to he rmodtll in dutaiLl. In this sect ion, we

attempt to determine the dominant processes describing vapor generation by

order of magnitude analys is; this can serve as a guide for future model Ing

efforts. It Is of Interest to attempt to assess what thermal processes

dominate the heat-up time between bubble hursts. ConsiLde r f irs t the periodc

before the first: bubble. The relative Importance of heat conduction and in-

depth rad La t I on ahso rpt ion I s i ndica ted hy the ra1tiLo of t he ir cha rac ter istiLc

lengths.

/0(/L V 1"L r ~t (3)

Here t is tine, and ctLis the absorptivity of the C02 laser radiation in the

liquid; recall that it is about 16 cm'1 for decane and roughly three times
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I1 Lhu . +or ducune. We t1 I ert:a d iI I 1I' V Li Le ,j d ';i ii Ild I ('e II",.

Hothl about +'J* - 'i cn-/sec (7).Then Lhe above ratio becomes U.,4 t -or

L(i ib u L 8 anld c m s /2 -

n e+ a n ,I F t ,( f ',, ( . I n ;1,1 I h i I I , , i!, ;(, ( T , 1l l+ i ) , 1t ( 1:,

the f irL+st )ub hIe aqas 10O sec j r L L-,- s or decant so t1ht L e abo v, rat o Ls

Yp l[cc, I 1v le s !an Iho t .t I ror e nio? , f [ r 'h 1)',' r i[ are 1 ) to

50 tusec depeno rip ol rad kinit t LCi i)ov,- rat Lo r -, ITz(wI .14 to

0.3. For the hiiph f lox cass -..-h i, r, of pr i-,ry itrere , I lr heat conduc-

SLon [s a d njr process coruparxu L La- OupLh absorptL on. ince the average

!- rII bh tt, r, tt-to ' s , i- i,,. l:< a' ri ll 1-os tI I a1i(. I( It. ']; I .t- I drO I

tends t o rk-set the c lock to ce ro) Conduct i.on ray be important in di ss ipat [ng

sol or L th il: rit ].n rI:_'J toiL is i o re [ allJO' 1.,' 1" hubo ]e prowth/cullapse.

re can sh.cT, also that raiL/al -onduc tLLon due to the non-Ln L rorm laser flux s

IM fi J)O.1 rtIrlt I',1 Lhk h ! u"JI 1 s.I _s -;ac the L lhu L: la'It-r Ls LhiI cQmpared Lu

Lit: .-,i er d. itii-, t t r

There are L,;o principal sources of convect ive miotLon prLor to the f irst

bubble buoyant flow and surface tension gradient flow (16). The buoyant flow

[S a result ol the non-one-d Lnens LonaI heat ing of the to of the Iq itid. Here

we follow the work of Reference 16 but note that Ln the present case inertial

forces ire more : in if icant than viscous forces in balanc ing the buoyancy

force. Consider aI radLal flow proceeding upward and then outward from the

center of the laser beam i-pact point. Fron a steady state balance of

buoyancy and fluid inertia one gets the following (the steady state balance is

.in upper limit on the present dynamic case).

dv
LV gAT 

(4)
L II dx OLO
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P hLs s ,ppre>: ra ted as to lees

vP,

i r ,- V l , ! I Ie Y, I I 1n L V i t d c , I ( I U Cd [ , r v l o c i yL I V i t h e I i l i id

dI IS L L V, tS " i ! cLilt 0 1hange L 1. L (I d ( (2 1_ S LL W i t eI I ur i tu re, I I(I 'd i i iI

linuid boiling poLnt. The use of R,', the laser beam radius, as the character-

ist Lc length in the upward flow is rough so we can only est imaote V B crudely.

insert Lng typical numbers for decane (about the same as decene) one finds

v!) " clasec. Peca l that th is Ls ;a steady state upper limit so that,

roughlyv the ;iveral',e transient value act ig on events over a t Line scale of

(RL ,VB = 4f) nsec Ls about half this or 4 cin/sec. Then only for bubble delay

tiries (A the order of 10 msec is this motion small; for delays of the order of

100 msec it is substantial, causing a full replacement of the liquid beneath

the beam profile.

Consider next the flow driven by the surface tension gradient that is a

consequence of the non-uniform laser beam profile. The steady state balance

is now between the surface tension gradient force and the inertia of the

radial outward flow. Roughly, for unit volume of liquid undergoing this

radial motion, we have
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or

l1ore ('o/)T i s the rhanpwe in riv;citn,;ion witli'erir thc cther

symbols are the sarie as be forkc except that v~ S s the rad Lii utward flow

veloc ity. insurt ins tvp ica I valu ies for (iecane (dcn i . i similar), one

f inds the surface tension induced velocity, vs 3 cm/sec. AgaiLn th is is the

s tea dy it , t i pper I i i it so, rotugh 1v , h a t th is va Iit(. is;L1 -- 1a iw r r i nt nI t o i r

trans itnt eoat-tip process. Since this flow is in Lte sameu direct iun as tfie

buoyant 'low, this result provides a small reinforcement to the previous

conclus ion thiat these flu id Pnot ions become appro c iahle on a time scale ol

about 10" n-sec and are small perturbations on a 10 msec time scale.

This conclusion is reinforced by the experimental behavior of a piece of

foam plastic placed on the liquid surface about: I cmn away from the irradiated

area Lfl several early Midh flux tests. This object was always pushed to the

side of the container during a 2-3 seconds laser irradiation but its rate of

moveirent was negligible during the time sequence of interest here.

Again, since the main concern here is high flux, short delay behavior, we

can assume for now that the above fluid motions are not signif [cant. Then in

the period before the f irst buble the domiinant energy transport mode is Ln-

depth radiati[on absorptiton wh ich follows Beer's law. In this case the

governing equation is

P C 2 = 01(1 - I)Q eL(9

with
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'| F

and
T =TX at t=u

Thcre aL is Lhe ertect ve ;ibsorptiLvLLy (_'urrcted Lur it'it ot radLiation

impingemenL; note that 'ad u, have equal and oppos Lte cosine corrections

tor i ncLdent .ni 1I- Which Lh-r,-n ,-L Ca.W . t )tL , rt. is !,tir1,ic_ rcftlectivity

(generally about 5%) and C, is the liquid heat capacity. Equation (9) can be

solved using Laplace transformat ion and Lite temperatur dk.LstriouLion is simply

(I - rL) -cix
T+= 1!' +- l' ye (1 ()r + 0)('

and the surface temperature is

L
T S = T LCL QLaLt

This temperaLure distribution and the surface temperature variation hold well

only until the surface reaches the boiling point. Beyond this, the surface

will tend to be held at the boiling point because nucleatton is unnecessary

there. For deeper molecules (presumably several mean free paths and beyond)

nucleation is necessary to escape from the liquid phase and the continued net

energy in flux causes superheating. The result is a temperature profile

perturbed increasingly from that in Eq. (10) by a downward (lip near the

surface (Fig. 7). The dip is the net result of in-depth radiation absorption,

surface evaporation and conduction of heat from the interior to

endothermtcally vaporizing surface. The depth of the dip grows with

increasing heat flux but the thickness of the layer affected by conduction

decreases so Eq. (10) is less perturbed for higher fluxes. Using Eq. (10) as

a first approximation and assuming a superheat prior to nucleation of 250 C

(consistent with the preceding discussion), we can roughly estimate the depth

of the superheated layer prior to the first bubble. The result, which will be
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;;iure tneirl-y cor rec t tI:or the h .s_'tI, I luIj', , is ;1w)[ .' .t e. v rmn-, I

decane; Lt is dbout 1/3 of this for decene. TbiS imp LieS thIt the hubbl s lZe

will h ] o; dr ,.r ,ne by re)itl v tii, ;,tme tr r cl ( m 'iti;i ,i, wit It

Ta hI 1 .

Once the t irst bubble grows and b-ursts, we [med Lately have a new form of

convect Lye i ol i(,:i in t h( I i(luid. A.s was tot d previouslv, Lti, initial Ioution

induced by the bubble is largely that of radial expansion but it quickly

becomes iiort' cnoit: because of the sui a ce pros:ii,,i V. :O'Ir! e)1 I he S r l i rt

pictures appuar to indicate that the net shorL tLrm i [ieCL ol tile [uhhiV IS Lo

push a segment of the upper thermal layer (about equal in diameter to the

bubble in width and one to two diameters deep) down into the cold bulk ol the

fluid and sometimes to entrain clusters of small bubbles; this is qualita-

tively consistent with other observations (3,4,15). The speed ol the

generation of subsequent bubbles depends on the product of flux level and

liquid absorptivity (see equation (10)). If the product is high (as in the

high flux decene case of Table I), the result, already mentioned, is a second

bubble in the bottom (or side) of the hole left by the first, despite any

convert Lve/conduct [ye cooling this fluid may have experienced during the

growth of the original bubble. The further result is quite complex mixing

lotion in the liquid that should lead to err;itLc high freqluency bubbles.

If the product (0a ) Is low (as in the low flux decane case of

Table I), the bubble-induced hole will collapse and at least partially mix a

layer of the order one to two times its original diameter. The mixing, if

total, would fully reset the heating process to zero and another bubble would

not follow until a time roughly estimable from Eq. (10) (solved with
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T u ' 1 . 1[); res id ia I s uh-stir face convect ion ,Io. Lo h h Ih)It, co1 tI 1v,,. woIlId

lengthen the interval. This behavior for the small (Q L L) case would imply a

huhhle iuttrvA l coip;ir;hI ,, to Lh, dl;iv i iri, I , In' t ir;t hihl .. 'M1 i.s;

behavior is only rouglily what one sces for decane at low fluxes, as ird cated

by Table 1.

These bubble-induced liquid motions complicate the dctermi ination of

bubble frequency considerably. This frequency is of interest because it is

probable thnt it is half the key to the rate of fuel vapori.a tion; the other

half of the ;ey is the amount o[ fuel vaporized in the bubble growth/burst/

collapse sequence (plus any vaporization between bubbles).

For now, we note only that there are three idealized limiting cases of

vaporization behavior that facilitate analysis of the gas phase vapor build-

up. The first is the purely stable, non-turbulent vaporization case in which

a bubble never occurs (or, if it does, the bubble size is small compared to

all other characteristic lengths in the problem). The ignition processes

observed here begin this way but quickly get core complex. Such relatively

simple behavior has been observed with solid fuel ignition by radiation

(17,18). Since the plume here is fairly mono-directLonal its interaction with

the laser beam depends strongly on the incident angle of the beam; such

behavior has been seen experimentally (1).

The second limiting case is that of very low frequency bubbling as

described above for the liquid. To the gas this presents a sequence of

widely-spaced vapor pulses that might be approximated by delta functions.

Transport in the gas is convective and increasingly multi-directional; the
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burst ing bubble1(s peneraite ai non-d i rect ional IVapor plumI 'It i 1)I 1Lw(-M i i s,

the negat ive buoyancy of heavy fuel vapors 1-orces them down, spread Ing them,

outt .IWZIVy frer the i ac i ent beam.

The third 1 [it ing caise corrusponds to h i , freqiiencv , laIrpe bubble

bursts as described above for the liquid. To the gas this presents a nearly

constant, non-direct jona 1 vapor source. ()nv would t}:p)(cL i more, or less

hemispherical envelope of vapor to accumuIlate over the res,,ion where the beam

is i I( i oO iict the grtadionls would be prim-,a r ily r:id i i , the int e mt I i

with the laIst r beam bucomus near ly Lhe same repard less, of~ its inc [iet pI

although the location of the first appearance of the flame would change with

the incident angle; this trend at high fluxes Is also seen experimentally (1).

These limiti.ng cases are more amenable to at least approximate

analysis. The general behavior seen in the present experiments tends to fall

between the second and third limits described above.

3. RADIATIVE IGNITION MECHANISM OF A LIQUID FUEL

USING HIGH SPEED HOLOGRAPHIC INTERFEROMETRY

3.1 Background

In most of the previous experimental studies, ignition delay time was

selected and measured as the characteristic feature of radiative ignition.

Since the ignition delay time represents an integration of the complex inter-

actions of heat and mass transfer and chemical reactions, this information is

not sufficient to clarify the fundamental mechanisms of radiative ignition.
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Furthermore, Ln the case of hiIiL intens ty rddiat Lon (.., from laser,) Lhe

complicated behavior, such as bubble nucleatLon and thermal expansion In the

superhea ted [,lye r ne ar the liquid sur Lac-, renders thc sys tema t Lc analysIs of

ignit ion extremely difficult. In th1e previous sect ion, -i qua 1 i tat Lve model of

bubble formation, growth and collapse in the liquid was presented together

with the coupling of these processes to the buLld-up of vapor In the gas phase

during the ignition period. The onset of runaway gas phase chemical reactions

leading to LgnLtLon was found to be determined by the local temperature, fuel

vapor and oxygen concentration.

Therefore, a holographic two-wavelength interferometer was used for the

measurement of distribution of temperature and fuel species concentration.

The advantages of this optical method are its non-intrusive nature, the

capability of high time resolution and, instead of point by point measure-

ments, information about the whole field can be obtained by the evaluation of

interferograms. Since the test chamber is illuminated twice within a short

space of time, only the temporal changes caused by the phenomena are

measured. This means that high quality windows, lenses and mirrors are not

necessary in contrast to conventional interferometric methods, such as Mach-

Zehnder and MLchelson [nterferometry. Therefore, the necessary optical

arrangements are much cheaper; the experimental setup becomes much more

flexible; the time needed for adjustment of the equipment and taking

measurements Ls also greatly reduced.

All interferometric methods measure variations in the refractive index.

When the refractive index is changed simultaneously by temperature, species

concentration or pressure, a conventional single wavelength interferometer
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cannot directly evaluate the obta ined i ntertcrence paLLurils. In this tLdv,

temperature and species concentration change simultaneously. Since the

refract ivu index varies with wave length, rIIIclrtre and cn.pntrat inn dints ri-

hution can he evaluated from two interference patterns at two different

wavelengths. This appl icat ion L the mass and hvn .r;,nmfer proces;ses was

first attempted by Ross and El-Wakil (19) using a modified :iach-Zehnder inter-

ferometer for the study of the steady sate vapor iza Lion and conhust ion of

liquid fuels. Wore recently, ayinger and Panknin (20,21) made further

improvement in Lilts technique using holographic nterfero.,eLrv with two lisers

for the study of temperature and species concentration of vaporizing naph-

thalene in the boundary layer. Although their experiments were steady state,

they proved clearly that the technique is feasible and has great potential to

study heat and mass transfer processes. Mutoh et al. (18) attempted to

measure temperature and fuel vapor concentration distributions in the gas

phase during the ignition period of polymethylmethacrylate (PMA) by CO 2 laser

beam irradiation using two-wavelength Mach-Zehnder interferometry. However,

published results appear not to have sufficient time resolved sequential and

spatially accurate information. To understand the mechanism of radiative

ignition, the work by Mutoh et al. (18) Ls also limited to only air as an

environmental gas.

In this study, holographic two-wavelength interferometry is developed to

attempt measuring time-dependent sequential distributions of temperature and

fuel vapor concentration from the start of the laser irradiation to the onset

of ignition. The effect of initial gas phase oxygen on the ignition is also

studied by varying the concentration of oxygen. Preliminary results of the

measurement and of the effect of oxygen are reported in this paper.
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3.2 ExperimeLntal Apparatus

The optical qVL-up of the two-wave Icnp't hlogralic)Ii terferomcter k

schematically described in Figure 8. The entire set-up except a movie camera

is mounted on an airsuspended opt icnl bench to isolate the system from any

external vibration. In this study, beams from a Ie-Ne laser (632.8 nm) and an

Ar-ion laser (48S n) are used as lip h t sources. A temper;iture controlled

etalon was installed in the Ar-ion laser to avoid mode hopping. The two beams

are superposed at a cube prism beam-splitter, then this combined beam is split

into two. rOne of them is called the reference beam and the other is called

the object beam. Both beams are then expanded to parallel waves by telescopes

which consist of a microscope objective and a collimating lens. Pinholes with

10 pm diameter are used for both beams at the focal point of the microscope

objective lens to remove any fringes on incoming laser beams due to dust

scattering. The object beam passes through the test section, in which will be

the temperature and vapor concentrat&,. field to be examined, whereas the

reference beam passes directly onto the photographic plate and interferes with

the object beam to make a hologram. Kodak 649 F glass plate was used for the

photographic plates. It may be mentioned that not only the object beam Is

reconstructed by the reference beam of the same wavelength, but also that a

false object wave is ohtained. This unwanted wave, however, emerges at a

different angle from the hologram and can therefore easily be separated from

the original wave.

The unique feature of this experiment is its ability to temporarily

record interference patterns generated by two wavelengths of light caused by

changes Ii temperature and fuel vapor concentration resulting from the start
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of the C(O. 1, l ser i rrad iat ion onto t 11(, 1-i iert' or tirl i't tip Li ) t 1i . Il

ignition. The basic procedure for recording these patterns Ls described as

I- 1 lo w . its I I is .i e;1 .1vtt t r; t s tii t r ;, till- ,.X il ,'I Lilt- i ;c F, .1 1 , I ,f,)'r.i, i:

taken a)t Lhe ,'lass pla to for each laser bram sepa rat l'/ wit hotit the 0) lasur

ir rad iat ion. \ hol oaram for each wave lengtl is stipcrpnosiri on the glass plate.

The plate is developed in a liquid gate without moving it or developed in a

darkroom after removing it. In the latter ISO, the dIcv,,])pud plate must he

replaced at the same position precisely as it was during the first exposure.

Afftur tilt. pl;ilt: i:; dc't._'loped, both lasers iu Crto ( r )ii t il Lic it c renc, ' con,

and object )e2al agai lintrf-[re ;tt the hologram. 'llt d/i I rcated wave Irolt

from the hologram due to the reference beam can interfere with the object wave

front passing through the hologram. When there is no change in the test

section, if the hologram plate is slightly tilted, the infinite fringe pattcrn

occurs (22). By controlling the amount of the tilt angle and direction of the

tilt, number of fringes and direction of fringes can be adjusted. In this

study, typically about 70 to 80 fringes nearly parallel to the sample surface

are created in the observation field. With changes in temperature and fuel

vapor concentration during the ignition period, interference fringe shifts

occur in the field. Since changes in temperature and fuel vapor concentration

occur rapidly, changes in the interference fringe pattern for both wavelengths

must be recorded simultaneously. As shown in Figure 8, the time-dppendent

fringe shift of both wavelengths is recorded on 16 mm color movie film

(Eastman Ektachrome Video News Filtm 7239) using a Locam Model 50 high speed

movie camera which is a pin-registered, intermittent transport camera. The

advantage of using this camera is that the film is stationary as each frame is

exposed rather than in motion as in other cameras. Therefore, the fringe

pattern taken by this camera is sharper. Although its disadvantage is a
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relat ivcly low waxiLmum frain Lg, rate of 5o() fr;iwes/sec, tlIis lraIii) ,  r;iLe iS

high enough for this study. From this color film, the two interference fringe

pattLerns 1-(r waI V -e L'I],),Le hs o 488 nin :ind 632."1 In.1 iru ob tililn d truM (,;ICII f rime1'

using two color filters or [nterference I-Liturs.

A test chamber was constructed to avoid the effect of any air movement in

the room on the experiment and a lso to permit stuidy of the effect of initial

oxygen concentration on the distributions of temperature and fuel vapor

concentrat ion. Since the holographic technique does noL require high optical

quality windows commercial PHMA sheet was used to construct the chamber.

A NaCZ window was used on the top of the chamber for the transmission of the

CO2 laser beam into the chamber.

The conversion from the measurement of fringe shift to values of

temperature and fuel vapor concentration is well documented in previous

publications (19,21.22) and only a brief discussion is given here. If the

temperature and fuel concentration distributions can be assumed to be axi-

symmetrical around the axis passing through the center of the vertical CO2

laser beam, the index of refraction n(z, r) for the wavelength of X can be

e:pressed as follows (22):

n(z, r) = n~ - X fR (dN/dx)dx (11)
T r 2 2 1/2

where n is the refractive index for the surrounding environmental gas such

as the nitrogen, air (21% 02) or 40% 02/60% N2 used in this study. In

cylindrical coordinates (r,z) in the hot fuel vapor plume, z is the height

from the liquid surface, r the radial distance from the a'is, and x the dummy
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path variablu (l integration, respecti'velv. i.- t ,- z:Jiiw, -I tLh Imt liti-

plume and N is the number of fringe shifts seen In an Lfiterferoram. In

addition, the Iollowing relat ionsliip h.tween I . r ,-I l ivt, iml,-;.: -- i:iC' ,it

ret raC c Iv L OL the mixed gas ( the environmenlal g4as lild tlc tIe I vapo r) ca i

be obta ned from the fol low inp, cxlress ton asstmin%, pert ,ci pais behavior (21).

2 \ (r : ,! (), , C. (r,.,) + :i L (12)
2 r~-RT(r , z 'k\ IX t

Here, , = n - No, .E and i are the molar refractivitIes of the Fitel

va1)(or .Iiln ( I IV[ foIll;21lnAl I Is it. tilL W l jt Ilgl t , ioi 1 i t (i ", l Cull-t.1-

tratton of the fuel vapor. T, P, and R denote thermodynamic temperature,

pressure and the universal gas constant, respectively. The values of 1'!fX,

Mf)2' aA) and 'aX2 calculated using data from reference 23, are listed in

Table 2 for the three environmental gases used in this study.

Table 2.

Molar Refractivity (cm 3/mole)

Wavelength (nm) 488 632.8

1-decene vapor 49.603 48.885

N2  4.500 4.459

Air 4.413 4.370

40% 02/60% 24.334 4.289

Equation (11) can be written for two different wavelengths, X1 and X2" Then,

the temperature and 1-decene vapor mole fractions can be expressed as
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- T RF

30 ' 1 ~~Al °, ) \--~ i a)9 Xal

where D i -- and , - n
X. I X ax.o

L L L L L L

:) Q - 1)

a n d l " = I -I

fN aI - MfX 2")2 1' 1~a 2

The scheme used for data analysis from a 16 mm movie frame to deduce

distributions of temperature and fuel vapor mole fraction is sLunmarized in

Figure 9. After the blue and red interferograms are separated by filters, a

black and white negative film of 10 x 12.5 cm is made for each wavelength

interferogram. The light transmission through the film is measured over the

entire frame by a computerized automatic scanning densLtometer. The range of

the spatial resolution of the densitometer is 25 - 200 pm, and the number of

digitized transmittance values for Poch frimne e tviq al1v 1.5 million points;

these are stored on magnetic tape. A typical interferogram reconstructed by

the computer is shown in Figure 10, which is exactly the same as the original

interferogram except at the top of the plume where a fringe line becomes wider

and less clear. In defining the locations of the peaks of the fringes, peaks

within one scan are determined by taking the derivative of quadratic profiles

fitted to a sequence of data points in an interval which is 40% of the peak

transmittance (above the background transmittance value). The search for the
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(ex I~ a uB 'L Le 'Iam Vca iSi t d hV~~ v 10 1 iU( wh ich I u

sequence cerininatea. Once we obtain all possible % kssitbin a scan, their

.~. j~idsiL Lst riI lie prviw ,c .i. lwIiw dt

(- l Lila t2e. _v tvvalI resk IL1 tsr a M op ute I,.! r']ted Citu W1LoLIC0ft tring 11 eak

e4  wi I-Ien ni jut I i'ht own iIr n F I ),ur.:11 Ftr he- IIr irro vein e nr i r

the determination of fringe contour is required to obtan i-i ore iccurate

meaSurciilL ,I- I n Irit.' 'Hi.is i:- ciriit.tl ]v ill !-'o. ~ (r this rep~ort,

the amount ofeachI L ;~t r nge shitwas -neasured manually mom ovie frame

'' 11 I 11t ; r, (ic Lecd (M 1 1,1 sc I'll. The ac citrr (- ,i i .- f ri !I I

ie uis uruliei n _t-ec h iquc L S atL beStL i (. L r i 1gc he C tIiSC (I tL 1ILdiI L i C ut.'

l oca tiLng Llie peak of each f r Lnge. Another diLf ficulty is correct ing2 for the

diLtfe renlce be twee n t he two wave lenth L ILn thle loca t ion ofI the base f riLnge

lIInes. The se f acto rs resul t L n e stimatLed unce rLa n t Les Lin thle t empera t ure a nd

f ueI v.a por c_'oncen tra t i on mea sureme nts Of a bout L5 -~ IhZ nea r the I io u L d

surface, Lincreasing to about 10 -~ 1Y11 at the top of the vapor plume as long as

the pluine is atxisymmetr ic. Our preliminary work us ing the autoi,.at ic scanning

dens itomneter I ndi cates that the order of the accuracy of the fringe shift

measurement can be improved. Much more accurate results for temperature and

fuel vapor concentration are therefore expected in the near future. The

reproducibility of the detailed shape of distributions of tcmperature and

vapor concentration measurements is roughly 10Z. The major cause of the

scatter is due to two effects: variation of the CO? laser power flux distri-

but ion and somewh: I i r roiil iar p1 nne , rowt h ShOrtl a'fter thte appearance of

vapor. However, this scatter does not change the qualitative conclusions

reached here.
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.3 PC Si U I ;![I;(; t , (Iuss i')II

3 i)stIvii nil I ii gh I (I tt in I -i I

The experiments were carr ied ,no :-it- peak CO.) lser f luxes of 260, 520 and

780 '1, /c . Irc I F 1,Lrnt. .; t iivj 0111nt- ; , itr- Coc.o , iL U, 111d a 40Z 0)/60%

m., ixture, utcr, ii ,d to study tkhe k.ft c !; L o: oxyigen i n cn i t on. The

effects of incident laser radiant flux and oxygen concentration in the gas

phase on Lt i]str ihiLLOni of Lnmpciraturk_ and vapor concnitl-rt [ni1 a j til,

locnt i l (A Lhe I[ st appenaraucc o1 01v I law(i : wcru ,tud tud. ['%,p ic,_ I rt.!,ii ItL

are shown in Figure 12. These high speed pictures are the negative prints

based on the red laser beam. The liquid surface can be seen at the botton of

each frainc. The pictures shown in Figure 12(a), (b) and (c) were taken at the

2
saime radi at hleat flux of 26(1 './cM , which is the lowest heat flux used in

this e:xperiment. LWith this flux, the formation and growth of a steadily rising

plume-like cloud of decene vapor can be observed in each environment. It is

found that the t ime from the start of the CO2 laser irradiation to the

appearance of vapor is approximately the same ( 40 msec) for the three

environmental gases. Subsequently, the plume height grows inore rapidly and

also te-rmes wider. With the 40% 02/60% N2 environment, visible light

emission is obsurved from the upper part of the plume nearly 120 msec after

the start of the laser irradiation. One frame prior to this, rapid expansion

of the plume is observed. This causes the upper part of the plume to become

fuzzy as shown in Figure 12(b). If ignition is defined as the first

appearance of the visible emission, this time period of 120 msec corresponds

to the ignition delay time.

36



Ln air, LheI li , L ,t tf Lhe st.d[ ts ii v(I iii V V teiI i1(C .1 i ir) i

ignit ion taller than that in 401K' ;2 '6u; ° N2  (abcur 18 i-m). it is -lear that

i " n iI i1)11 I . i l it ij at; d t a1- .' r tl . I' t I,  ,tl I 1 n ,(o I t in, iI iij( 'I i 11 '-;1i l'tl-,I

Zone, , Lthogjh the JIlOUlnt ()f Ilght ,cLssto55 Lon there is i tI [sS Lesll LI h L in1

40% ./' 60 ,, Then the f amitt pryl ("l ; ,.,Ine ,. rd r i 'i I :1r'lli nll the f: I ;t,-

mable gas mLxture. Note the steel) ;,rad Lent Ln the i nLt'tr, r tolce fringe shifts

wh ich cain he '-,men neta;r the top -; rlni(', ,I the htot v~i.tjr ;,] uii tor several

frames before ignition; this indicates very high temperalures in this

regi on. ' ore puoant tat Iv disC'toSi n 1 tlhis will he pivel i lt1r. i t

nitr O L tr 0,en en Vironent Lo lelnt_ Ias, nuea r ly t he s a me behavio r ,is witLL air can n

seen. Of course, there is no ignition because of the absence of oxygen.

With an increase -n peak laser flux, the vaporization process becomes

more complex, with the formation of bubbles followed by violent throw-off of

liquid droplets and vapor from bursting bubbles. This behavior of the liquid

surface directly affects the growth cf the vapor plume. This complexity is

unique to liquid fuels; the plume growth pattern is independent of laser peak

flux for a solid fuel (24). At peak laser fluxes of 520 W/cm 2 and 780 W/cm 2 ,

the shape of the vapor plume becomes extremely complicated and non-

axisymmr.etric. Such behavior is shown in Figure 13 for 520 /cm2 . The initial

stage of growti nf the vapor plume is random in direction and Is controlled by

the bubbling of the liquid. A discussion of the formation of bubbles and

their characteristi-s Ls given in a previous section of this report. After

about 60 msec of laser irradiation, the upper part of the vapor cloud forms a

reasonably stable plume similar to those in Figure 12 at 260 W/cm 2  Although

the lower part of the plume retains an asymmetric and complicated vapor

distribution, it appears that the upper part of the plume proceeds to ignition
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and the subsequent umbrella-shaped Lin it ion patterns Are s W Lar Lo those in

Figure 12. The present approach (which assumes symmetry around the center

ax is of tie plume Ani tLe (T. laser lscn.) Mi,, K Lb al l w oW aaly.s i.s o Lih ijpper

part of the plume where the ;actua ignition event occurs. However, if the

entire plume needs to he analyzed, some other ;ipprch lsuch as tomography

would be required.

The vapor plume shown n Figure 12 is narrower than that from the solid

fuel (PMNA) studied privioiislv (24). The i:olecullar we'i hL I f 1MA vapor is 10)

whiclh is less than thiat of 1-decene vapor (MW 142). The average density ol

the generated gas mixtures for either 1-decene or MNA at the central, near-

surface part of the plume is higher than that of the surrounding air even when

the temperature effect is included. This is confirmed by the change in the

direction of the fringe shift from the lower part of the plume (upward) to the

upper part (downward) as shown in Figure 12. Therefore, in the process of

vapor plume growth, the initial plume is formed by the momentum of the vapori-

zation from the surface against its negative buoyancy. It acts like a jet of

weak momentum. In jets, the radial spreading rate increases with lower

molecular weight of the injected gas and this is why the vapor plume of 1-

decene is narrower than that of PMMA.

3.3.2 The Growth of the Vapor Plume and the Location of Ignition

The effects of oxygen concentration in the environmental gas and peak

laser flux on the growth of the vapor plume and on the location of ignition

are described in this section. The growth of the fuel vapor plume is shown in

Figure 14 as a function of oxygen concentration and peak laser flux. The peak
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height oLf the pumt- was selected i.s Lt{ reIpri -tnt iv' w , hi t 0 . -'',, ni i v, tI i.

growth history. As seen from these figures, the plume growth tor 260 t/cm

Ind 520 1. : , t1i. ;:i', but it 78 i ,'/c' , rI I t'w 'n .1i r .111dt

40% 0., occurs in the early stage of IrradaLioun. LL is ,ot clear whiy this

reverse trend for the oxygen effect occurs, but it may he that violent

bubbling behavior disturbs the consistent growth of the plume at this peak

laser flux.

There are t-hree re 'imes in the ,rowLIh of the plilo ;.
, 

5 ;shown in

Figure 1i. They ire: a ;shurt earl, buildup stage (most Uvious at the lowest

flux), followed by a constant growth regime with nearly constant slope and,

finally, a sudden rapid growth regime with increasing slope. The effect of

the ambient oxygen concentration on the growth rate of the plume appears

clearly in the last two regimes and becomes sLronger with increase in oxygen

concentration at the same peak laser fluxes. Since the difference in the size

of the vapor plume between the nitrogen environment and an oxygen-containing

one must be hased on gas phase oxidative chemical reactions, the contribution

from such gas phase chemical reactions appears much earlier than was

previously thought (25). Further discussion about the gas phase chemical

reactions will be given in the next section together with the results on

temperature and fuel vapor concentration.

The rate of growth of the vapor plume increases with peak laser flux; the

average speed of plume growth in the constant growth regime is about 19 cm/sec

for 260 W/cm 2 , 34 cm/sec for 520 W/cm 2 and 48 cm/sec for 780 W/cm2 with air.

This is expected, because the rate of vaporization of the fuel increases with

an increase in peak laser flux. Also the rate of expansion of the gases in
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the plume tends Lo become larger because there is a larrye r amount 4

absorption of the CO2 laser beam by the gases tn the plume with higher peak

laser flux. flttwver, tt, abt)ove g,rowthI fidt s art rttuiyl yIv 4tOZ :,ma ll r tyut

those with i'VMA under the same experimental cond ituns (24).

Other important results shown in Figure 14 are the effects of oxygen

concentration and of peak laser flux on the location of ignition. In this

work, we have defined ignition as the first measurable emission in the motion

picture frames. This location is generally near the top "F Lvt vapor plurme,

and it is reasonable to assume that the height of the vapor plume at ignitLon

is proportional to the distance from the location of ignition to the liquid

surface. The difference in the plume height at ignition shown in Figure 14

for various conditions can thus represent the change in the location of

ignition. The figure shows that an increase in oxygen concentration lowers

the location of ignition toward the surface. Surprisingly, however, an

increase in peak laser flux does not change the location of ignition; it

remains at about 26 - 27 mm above the fuel surface. The first effect is also

observed with PMMA, but the distance of ignition from the surface tends to

increase with peak laser flux for PMMA (24). We believe that differences in

the vaporization process between decene and PMMA and also convective motions

in the liquid are responsible for this different trend for the effect of peak

laser flux on the location of ignition. Further discussion of the location of

ignition will be given in the next section together with the results of

temperature and fuel vapor concentration.
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3.3.3 .istrLbut ions of Temperat urt and lueL Vapor Concent rai) nil

The t.,rip r.itur' -ind Fuel v;i p r uonIcenit rat im wt- , rt . - I (l-I it ,d ai>; i n., the,

procedure described in Section 3.2. Values of the rul ractive indices were

evaluated by the on ion skin techn Lque (22) for sol ving, Eq. (1 1). Three

typical frames were selected from the i:ovie picture for a flux of 260 W/cm 2 as

an example: 120, 140 and 158 msec after the star t o the C(, laser irradia-

tion. As discussed in the previous section, these values belong to the

constant p Itoe , rowth stage, the m idd It of the rapid , rowt h stayge and jus t

before the ignLLion, respectively.

The comparison of temperature and fuel vapor concentration distributions

between air and nitrogen environments at the three different times after the

start of the CO2 laser irradiation are shown in Figure 15(a), (b) and (c).

Figures 15 clearly indicate that the temperature Ln air is higher than that In

nitrogen in each stage and especially in the upper part of the plume. Also,

the fuel vapor concentration in air is slightly lower than that in nitrogen.

The differences in temperature and fuel vapor concentration between the two

environmental gases are the result of chemical oxidation reactions. In the

case of 120 msec, the difference in maximum temperature between the two gases

reaches nearly 10°0 C near the center of the plume. With the approach to

ignition, the temperature of the upper part in the plume increases rapidly in

the case of air. These results are consistent with the characteristics of the

growth rate of the vapor plume shown in Figure 14. From an examination of

Figure 14 and Figure 15(a), (b) and (c), it is reasonable to consider that

there are two global regimes of gas phase chemical reactions with air: one is

that of slow, rather steady reactions starting at an early stage with a
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temperature tp to about 400 - 450°3C corresponding to constant prowth of the

plume; the other is that of much faster chemical reactions occurring near

ignitLon witlh tOh temperatuore ahb vC 4n '() - 5A) JO(C. , oiO0 ii p WiLi, I pid i growth

of the plume.* In the same manner as shown in the authors' previous paper for

solid fuels (24), this classificaton also confirms the important role of

chemical reactions and their complexity, similar to the multi-stage chemical

reaction regimes prior to ignition reported by Gray, et al. (26). It should

be noted, especially, that at 158 msec (just before ignition), the highest

tempera ture roepion (near 8000 C) exists near the top center part of the ftiel

vapor plume, where the fuel concentration is between I and 5%. Since this

range of concentration is within the flammability limits of decene (0.8% and

5% at room temperature, as predicted from (27), and wider at elevated tempera-

tures), it is reasonable to expect that runaway chemical reactions will occur

in this region. If the visible emission follows the runaway chemical reac-

tions, the first appearance of visible emission (ignition) is expected to be

in the shape of an umbrella. Subsequently, the flame propagates rapidly

through the part of the gas mixture that is within the flammability limit in

an outer envelope and resembles a flame envelope as shown in Figure 12.

Another interesting aspect is the absorption of the incident CO2 laser

beam by the fuel vapor in nitrogen atmosphere. As shown by the dashed lines

This raises the question of the accuracy of the measurement technique upon
the addition of oxidation products such as CO, CO2 and 1120 to the assumed two
molecule system. In Eq. (12), additional terms appear consisting of the mole
fraction of these molecules and their refractivities. Molar refractivitles
for CO, CO and H2 0 are 5.062, 6.720 and 3.804 at 488 nm and 4.991, 6.645 and
3.748 at 613 nm, respectively (23). Wavelength dependency of these values Is
much closer to that of the surrounding gases used in this study than that for
1-decene. Also, concentration of these products would be small during the
ignition period. Therefore, the effect of additional oxidative products on
the fringe shift is expected to be small and the accuracy of the measurement
is the same as discussed in Section 3.2.
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in Figure 15, the temperature along the CO,2 laser beam reaches over 3(0(2C in

the center of the plume. This greatly exceeds the fuel vapor temperature near

the l[quid surtace which is 1O-30°C uvcr tlhe l oil ing tmptrattir, ()I l-<I cr(,ne

(170.50C). Since gas phase oxidation cannot occur, the temperature rise

observed in the center of the plume is due to absorption of the C02 laser

L ,, , _ C - L' U.. ,-;. " ' t W* :' L:, i j k-V 1. L li, 'Ls (28). This Lmpl Le

that the absorption of the CO2 laser radiation by the Fuel vapor cannot be

neglected, and it appears that this heating is the key process for raising the

gas phase temperature high enough to in it[ate the first s;Itw (,lobal chemircal

reactions in the fuel vapor.

4. DEVELOPMENT OF ABSORPTION COEFFICIENT MEASUREMENT

TECHNIQUE AT ELEVATED TEMPERATURES

4.1 Background

As described in the previous sections and our previous studies (28,29),

it was found that one of the key mechanisms for ignition of liquid fuels by a

CO2 laser is absorption of the incident CO2 laser beam by evolved fuel vapor

in the gas phase above the irradiated surface. Since the boiling temperatures

(150 - 200 0 C) of liquid fuels are much lower than the decomposition tempera-

tures of solid fuels (300 - 6000 C), the supplemental gas phase temperature

Increase caused by direct absorption of the incident laser energy for ignition

of liquid fuels is critical in raising the gas phase temperature enough to

initiate gas phase oxidation reactions and to reach a runaway condition. The

amount of the absorption is determined by the absorption coefficient of the

fuel vapor at the laser wavelength. There is extensive published absorption
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data for CO, CO., and 11,0 (30,31) , buL those for hydrocarbon molecuJ es are

limited to methane (31,32). Data on elevated temperature absorption spectra

for large hydroc;irhon molecule"s, ' ,-h are Ii q- l,[s ;at room I t-inljr;ii.irk. ,  ,

extremely limited. Therefore, the measurement of the Lnfrared absorption

spectra of liquid fuel vapors at elevated temperatures Is essential in order

to estimate the amounts of absorbed ener:,!v and reinn-raturn f-rease that

influence the [,.nttability of liquid Fuel vapors.

4.2 Experimental Apparatus

A single beam infrared absorption measurement system has been

constructed; a schematic illustration is given in Figure 16 and a photograph

is shown in Figure 17. The system consists of a well regulated black body

(-1070 0 C) as a radiant source, a heated cell with a water jacket (cell length

is 15 cm, and a monochromator with a pyroelectric detector. The system

provides low resolution spectra which might not be as accurate as using a CO2

laser as the light source due to the narrowness of the laser lLne. However,

the system can measure absorption spectra from 2 to I ijm using three differ-

ent snap-in type gratings. This can cover various different kinds of laser

lines such as deuteriua flouride, carbon dioxide, hydrogen fluoride, using the

same ILght source. The cell can be heated to 6000 C. Since ambient water

vapor and carbon dioxide are good absorbers in the wavelength range of

interest, the system is enclosed in an air-tight, water-cooled box, and water-

pumped, dry nitrogen is purged through the box and the monochromator during

the measurement. At first, the reference signal is measured by scanning the

monochromator with high purity nitrogen in the heated cell at the desired

elevated temperature. The signal is stored in a laboratory computer. Then,
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the sample s ignal is measured hy rept at ing the samT scan with an alppropr LIate

concentration of a test gas brought to one atmosphere pressure by nitrogen in

IIi(. cel I -t Icli ';11)L t.mp(.r; i .; ile rst Th;'iI. "rli, ;ihsirpI io, c r(.(' riu:i

can be calculated from the difference in the signal between the two -- ans.

Preliminary experiments with CO., ;,as ait elevated temperatures are in progress

1,; - hn jq For eminnarison with nrovLous studies. At ,)resent. a vapor gener-

ator for liquid fuels is under construct ion. Absorption spectra of decane and

1-decene at various temperatures and concentrations will be measured in the

future.

5. SUMARY

The radiative ignition mechanism of a lii4aLd fuel by a CO? laser has been

investigated by observing liquid behavior aear the surface and measuring the

distributions of temperature and fuel vapor concentration in the gas phase

during the ignition period. The conclusions obtained from these experiments

are as follows:

High speed photographs reveal complex behavior of the liquid surface

immediately after the incident CO2 laser irradiation. In time sequence, the

formation of a radial wave, a central surface depression, bubble nucleation/

growth/bursting, followed by complex surface motion and further bubbling, were

observed; typically several (or many) bubble cycles precede ignLtion. It

appears that volumetric liquid expansion and photon pressure cause the initial

radial wave movement, and the subsequent surface depression is caused by the

reaction force of plume-like vaporization. Soon the sub-surface layer of the

liquid has achieved appreciable superheating which results in bubble

nucleation probably on heterogeneous nuclei.
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There ire clear Ltrelds or hehlav l[r wI th LcreaIS Ln, in HC denL Laser fkl,x or

fuel absorptivity; increases in either accelerate the whole sequence of

,'vLntS, lc;njd Lo ;) Ioii nince of hibhhl i np, )lhenol ricL ;ii(I decr-aso 1he iyj iL [Io

delay. Pia order of magnitude analysis indicates that the motion in the liquid

caused by temperature grad ients does not have si in if i'ant f fects on the

vaporization process at least in the high end of the flux range in this study.

There are Lhree iuealLzed limiting cases of vaporization behavior that

fac il itate ana lys i of the gas phase vapor huild-tup aind .lsoqtent [Ignit ion.

The first i- the purely stable, non-turbulent vaporLZation case in which a

bubble never occurs. The second limiting case is that of ver- low frequency

bubbling superposed on the stable plume vaporization, which appears at meoiLm

laser fluxes. The third limiting case corresponds to high frequency, large

bubble bursts. To the gas phase this presents a ro"ighly constant, non-

u.ieuLonal vapor source. These limiting cases are more amenable to at least

approximate theoretical analysis.

An increase in oxygen concentration in the environmental gas phase

decreases the distance between the liquid surface and the location of the

first appearance of visible emission which is defined as Ignition In this

study. However, the distance is independent of an increase in peak laser flux

within the range used in this study. Oxygen in tne gas phase significantly

increases the growth rate of the plume shortly after the appearance of fuel

vapor at the same peak laser fluxes.

Prior to ignition, there are two global chemical reactio. stages in the

gas phase, similar to those for a solid fuel: one is a relatively slow
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process LairL i ILL .111 u, rly stra 'e at: Ler t ht .i)pe ;iranll ,I tLIW I It 111W W L.1i

temperatures up to about 400-450 0 C; the other Ls a sLgniicantly faster

irocetss occiirri aiiph 1u I htori, i ni it mu .1 iImlI t .rI i , r .: iiltvi .*'i))--'CvI, - '.

,\ s i',n ni/n t trepe ratuire Lncrvese (,noro thnn flfOlC) was found in the

center of the plume in a nitrogen atmosphere, and is attributed to the

absorption of tho Lnc[dent CO, 2 laser heam wby fuel vapor.
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I Schema l i i i ,I sLr;ition (A .:xpt.r i I I ipp.j r:1 Lt I, I ' i: . rvI; .1o I j (,I

Liquid behavior and vapor generatLon.

2. Top view direct picture and sLde view schileren ?Lcur, ; left columns,

top view; r ight columns, si de viK w. )ck ane, laster :,1,ix )1- 740 lcn-

incident laser angle of 30 degrees. A, appearance of hole due to first

buhl1e in t,) view; , corr2spoId in, iiddt .fi rel,,;isc of iq~ iid viipor.

T lil e ga p hil _ "3() 30 rise.

3a. Top view picture, decane, laser flux of 410 W/cm2 and incident laser

angle of 30 degrees; B, appearance of hole due to first bubble. Time

gap, about 35U nsec.

3b. Side view schlieren picture, same test as Figure 3a. A, appearance of

laminar vapor plume; B, sudden release of liquid vapor by bubble burst.

4. Side view closeup direct picture near the decane surface, laser flux of

about 2500 W/cm 2 with incident laser angle of 30 degrees from right to

left.

5. Side view direct picture to show the iocatLUIn of the first appearance of

flame. Decane at a laser flux of about 2500 W/cm 2 with incident laser

angle of 30 degrees froia left to right.
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O. Top viet-w picture of decene with Laser flux of 911) W/ci-i" aInd icid*nL

laser angle of 90 degrees. Time gap is about 18 msec.

7. Idealized sequence of bubble development; the sequence repeats with

cont nuLn, [rradiation hut the startIn) condition Is no longer as simple

as that in the first sketch.

8. Schematic illustration of experimental set-up of high speed two-

wavelunlgLi holographic Interferome.er.

9. Data analysis scheme from 16 mm movie frames.

10. Interferogram reconstructed by computer for blue light with 1-decene.

I. Computer calculated contour plot of peaks of fringes, 1-decene and blue

light.

12. Typical results of the interferogram motion pictures made at 500 fiames

per second at wavelength 632.8 nm, peak laser flux at 260 W/cm
2 with

various environmental gases, (a) air, (b) 40% 02/60% N2 and (c) N2 .

13. Interferogram motion pictures made at 500 frames per second at wavelength

632.8 nm, peak laser flux at 520 W/cm 2 with air environment.

14. Comparison in the growth of the fuel vapor plume height with three

different environmental gases at three different peak laser fluxes.
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15. ComparLson of temperature and fuel vapor concentr,iLioi) distr 21LIOnS

between air and nitrogen environments at (a) 120 msec, (b) 140 msec,

(c) 158 msec from Lh s.t;irt of the CO., I. ,r irradilit ill, i),r iL ii dlly

2
time 160 msec, peak laser flux at 260 W/cm

16. SchematLc ILLustration of infrared absorptLon spectra measurement

apparatus.

17. Picture of infrared absorptLion spectra veasure ,iit ippiratus.
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DATA ANALYSIS SCHEME

16 mm MOVIE FRAME AT TIME tl

RED FILTER BLUE FILTER

BLACK & WHITE NEGATIVE [BLACK & WHITE NEGATIVE

FRAME 10x12.5cm [ FRAME 101l2.5cm

AUTOMATIC SCANNING] AUTOMATIC SCANNING

DENSITOMETER [ DENSITOMETER

COMPUTER ANALYSIS TO] COMPUTER ANALYSIS TO
CALCULATE FRINGE SHIFT J ALCULATE FRINGE SHIFT

CALCULATION OF CHANGE CALCULATION OF CHANGE
IN REFRACTIVE INDEX IN REFRACTIVE INDEX

BY INVERSION TECHF;OUE BY INVERSION TECHNIQUE

MCILAR REFRACTIVITY MOLAR REFRACTIVITY
AT 63?.8 nm AT 488 nm
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Figure 9.
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AIR TIGHT ENCLOSURE

3 3

I 2'
9 1

L 1

1. BLACK BODY 5. WATER COOLED SHIELDS
2. CHOPPER 6. FLAT MIRROR
3. CONCAVE MIRRORS 7. MONOCHROMATOR
4. HEATED CELL WITH 8. PYROELECTRIC DETECTOR

WATER COOLED JACKET 9. WATER COOLED SLIT

Figure 16.
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